Purpose: Isobutyryl-CoA dehydrogenase deficiency is a defect in valine metabolism and was first reported in a child with cardiomyopathy, anemia, and secondary carnitine deficiency. We identified 13 isobutyryl-CoA dehydrogenasedeficient patients through newborn screening due to an elevation of C 4 -acylcarnitine in dried blood spots. Because C 4 -acylcarnitine represents both isobutyryl-and butyrylcarnitine, elevations are not specific for isobutyryl-CoA dehydrogenase deficiency but are also observed in short-chain acyl-CoA dehydrogenase deficiency. To delineate the correct diagnosis, we have developed a follow-up algorithm for abnormal C 4 -acylcarnitine newborn screening results based on the comparison of biomarkers for both conditions. Methods: Fibroblast cultures were established from infants with C 4 -acylcarnitine elevations, and the analysis of in vitro acylcarnitine profiles provided confirmation of either isobutyryl-CoA dehydrogenase or short-chain acyl-CoA dehydrogenase deficiency. Isobutyryl-CoA dehydrogenase deficiency was further confirmed by molecular genetic analysis of the gene encoding isobutyryl-CoA dehydrogenase (ACAD8). Plasma acylcarnitines, urine acylglycines, organic acids, and urine acylcarnitine results were compared between isobutyryl-CoA dehydrogenase-and short-chain acyl-CoA dehydrogenase-deficient patients. Results: Quantification of C 4 -acylcarnitine in plasma and urine as well as ethylmalonic acid in urine allows the differentiation of isobutyryl-CoA dehydrogenase-deficient from short-chain acyl-CoA dehydrogenase-deficient cases. In nine unrelated patients with isobutyryl-CoA dehydrogenase deficiency, 10 missense mutations were identified in ACAD8. To date, 10 of the 13 isobutyryl-CoA dehydrogenase-deficient patients remain asymptomatic, two were lost to follow-up, and one patient required frequent hospitalizations due to emesis and dehydration but is developing normally at 5 years of age. Conclusion: Although the natural history of isobutyryl-CoA dehydrogenase deficiency must be further defined, we have developed an algorithm for rapid laboratory evaluation of neonates with an isolated elevation of C 4 -acylcarnitine identified through newborn screening. Genet Med 2007:9(2):108-116.
Isobutyryl-CoA dehydrogenase (IBD) is a recently characterized enzyme that catalyzes the third step in the degradation of the branched chain amino acid valine (Fig. 1) . 1 It is encoded by ACAD8 located on chromosome 11q25 (OMIM *604773). Nine patients with IBD deficiency have been reported to date. [2] [3] [4] [5] The first patient presented with dilated cardiomyopathy, anemia, and carnitine deficiency. 2 An elevated C 4 -acylcarnitine was noted in a plasma acylcarnitine profile, but a subsequent urine organic acid analysis was normal. Treatment with oral L-carnitine supplementation led to catch-up growth and normalization of the cardiac status. She remains carnitine dependent at almost 11 years of age (Dr. Stephen Cederbaum, 2006, Mental Retardation Research Center, UCLA, Los Angeles, CA, personal communication). The other eight patients were identified by newborn screening when isolated elevations of C 4 -acylcarnitine prompted further diagnostic investiga-tions. For six patients, clinical information is available. Two patients have remained asymptomatic for more than 1 year without treatment 4, 5 ; one patient was noted to have muscle hypotonia and mild developmental delay at 8 months of age 4 ; two patients were treated for speech delays at 5 years and 2 years of age, respectively 5 , but have normal growth and development; and one patient was incidentally noted at 1 year of age to have mild branch peripheral pulmonary stenosis, which was detected by echocardiography to rule out a cardiomyopathy. 5 Although these case reports are not conclusive regarding the clinical relevance of IBD deficiency, they support the notion that it is detectable by newborn screening through blood spot acylcarnitine analysis by tandem mass spectrometry. 6 However, C 4 -acylcarnitine is not a specific marker for IBD deficiency as it does not represent isobutyrylcarnitine alone, but it is a mixture of isobutyryl-and butyrylcarnitine. The latter is an intermediate of short-chain fatty acid ␤-oxidation and a marker for short-chain acyl-CoA dehydrogenase (SCAD; E.C. 1.3.99.2) deficiency (OMIM #201470) (Fig. 1) .
Similar to IBD deficiency, the clinical phenotype of SCAD deficiency remains poorly defined, although it was first described almost two decades ago. 7 The first two patients reported with SCAD deficiency presented during the first week of life with poor feeding, vomiting, metabolic acidosis, and lethargy. One patient died within 6 days, and the other recovered completely without any further such episodes. Symptoms described in other SCADdeficient patients include muscle weakness, developmental delay, seizures, respiratory distress, congenital anomalies, dysmorphism, and maternal pregnancy complications. However, asymptomatic cases have also been described. 8, 9 The biochemical phenotype of SCAD deficiency has been delineated through clinical testing and includes persistent ethylmalonic aciduria with or without the overexcretion of methylsuccinic acid and accumulation of butyrylcarnitine in plasma and blood. The molecular genetics of SCAD deficiency is complicated by two SCAD gene (ACADS) variants (511CϾT, 625GϾA) of questionable clinical importance. These variants do not abolish SCAD activity and occur in homozygous or compound heterozygous states in up to 7% of the general population. 10 -14 When ACADS mutations that have been shown to lead to complete loss of SCAD activity in vitro are identified in patients with biochemical evidence of SCAD deficiency, the diagnosis is confirmed. However, some individuals with both biochemical and molecular genetic evidence of SCAD deficiency have been reported to remain asymptomatic. 8, 9 The variable expression of disease in both IBD and SCAD deficiency have led to the designation of these conditions as secondary targets in the newborn screening panel recently recommended by a working group of the American College of Medical Genetics contracted by the Human Resources and Services Administration of the U.S. Department of Health and Human Services. 15 This work group was charged to develop recommendations for which disorders should be included in every newborn screening program to overcome inequalities between the various state-mandated newborn screening panels. The concept of secondary targets is based on the inevitable identification of conditions (such as IBD and SCAD deficiency) whose characteristic metabolites are readily identified in conjunction with other conditions designated as primary targets.
To develop an efficient and least invasive follow-up algorithm for abnormal C 4 -acylcarnitine newborn screening results, we compared biomarkers between cohorts of IBD-deficient and SCAD-deficient patients after confirmation of the correct diagnosis by biochemical and/or molecular genetic analyses.
MATERIALS AND METHODS

Patients and controls
Thirteen cases (11 families) of IBD deficiency were identified through newborn screening in Illinois, Massachusetts, Michigan, Minnesota, Pennsylvania, and South Dakota between 2001 and 2006. The IBD-deficient patients came to our attention either through newborn screening provided by our laboratory or by referral of patient samples for follow-up of abnormal newborn screening results obtained elsewhere. A cohort of 18 SCAD-deficient cases also identified by newborn screening was used to compare laboratory findings. The Mayo Clinic and University of Pittsburgh Institutional Review Boards approved this project.
Clinical evaluation
Clinical details regarding the IBD-deficient cases' current health status were collected whenever possible from genetic centers in the states from which diagnostic referrals were sent. A summary of the patients' clinical conditions is listed in Table 1 . 
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Plasma acylcarnitine, urine organic acid, urine acylglycine, and urine acylcarnitine analyses Acylcarnitine analyses in dried blood spot, plasma, and urine as well as urine organic acid and acylglycine analyses were performed following established procedures. 16, 17 Fibroblast culture and in vitro probe analysis Fibroblast cultures from the patients, a healthy control, an IBD-deficient control, and a SCAD-deficient control were grown in triplicate in six-well cell culture plates to approximately 90% confluence. Culture medium was replaced with 1. After 72 hours of incubation at 37°C, the medium was collected for acylcarnitine analysis. Remaining cells were gently washed in phosphate-buffered saline (Dulbecco's PBS; Gibco Invitrogen, Carlsbad, CA), harvested by trypsinization (0.25 mL 0.25% trypsin-ethylenediaminetetraacetic acid; Sigma-Aldrich, St. Louis, MO), and protein content was measured following sonication using a method described by Lowry et al. 18 Concentrations of butyryl-and isobutyrylcarnitine in the cell medium were normalized to cell protein concentrations.
Molecular genetic analyses
Molecular genetic analysis of ACAD8 was performed using genomic DNA extracted from either fibroblasts samples or from blood spots. All 10 exons of ACAD8 and 18 intron-exon junctions were amplified by polymerase chain reaction (PCR), and DNA analysis was performed by dye-terminator sequencing PCR-amplified fragments on an Applied Biosystems 3730 DNA Analyzer (Foster City, CA) at the University of Pittsburgh Genomics and Proteomics Core Laboratory. Primer sequences for exon amplification and sequencing are available on request. ACADS molecular genetic analysis was performed by PCR amplification of 10 exons and all intronic splice-site regions with genomic DNA extracted from patient fibroblast samples or from blood spots. DNA sequences of PCR-amplified fragments were obtained through dye-terminator sequencing on an Applied Biosystems 3730 DNA Analyzer at the Mayo Clinic Molecular Genetics Laboratory. Sequence analysis was done with Mutation Surveyor software (SoftGenetics, State College, PA). Primer sequences for exon amplification and sequencing are available on request.
Statistical analysis
Recursive partitioning was used to find the optimal values for urine C 4 -acylcarnitine and the ratio of urine C 4 -to C 3 -acylcarnitine to discriminate among normal, SCAD-deficient, and IBD-deficient patients. 19 
RESULTS
Patients and controls
Thirty-two infants came to our attention through newborn screening provided by our laboratory or through submission of samples for follow-up of abnormal newborn screening results obtained elsewhere. Thirteen cases (11 families) were confirmed as described below to be affected with IBD deficiency, 18 cases with SCAD deficiency, and one to be an IBD carrier. Seven IBD-deficient patients were female and six patients were male ( Table 1 ). The geographic distribution of IBD deficiency seems widespread as six infants were European, three Hispanic, two East Indian, and the remaining two cases were of North African and Middle Eastern ancestry, respectively (Table 1) .
Acylcarnitines in newborn screening blood spots and plasma samples
Twelve of 13 IBD-deficient patients were identified directly by newborn screening and referred for follow-up because of isolated elevations of C 4 -acylcarnitine, which ranged from 1.8 to 2.9 mol/L (median, 2.1 mol/L; reference range: Ͻ1.5 mol/L; Table 2 ). One 3-year-old healthy sibling was tested after the newborn screening result of their younger brother (Patient 7b, Table 2 ). Plasma acylcarnitine analysis performed as part of follow-up investigations revealed isolated elevations of C 4 -acylcarnitine (range: 1.14 -10.00 mol/L; median: 1.52 mol/L; reference range: Ͻ1.06 mol/L; Table 2 ) in all IBDdeficient cases. Similar values for C 4 -acylcarnitine in newborn screening blood spot and plasma samples were observed in the 18 SCAD-deficient cases (Fig. 2, A and B ; Table 3 ).
Urine acylglycines and urine organic acids
Isobutyrylglycine levels were normal in all but one (Patient 10 in Table 2 ) of the 11 available urine samples from IBDdeficient patients, albeit the excretion was higher than in SCAD-deficient cases. The excretion of EMA was normal in all infants with IBD deficiency, whereas it was elevated in all SCAD-deficient cases (Tables 2 and 3 
In vitro probe analysis of cultured fibroblasts
To determine the correct diagnosis, fibroblast cultures were established from small skin biopsies for confirmatory testing by in vitro studies of both the valine degradation and fatty acid oxidation pathways. All available cell lines (n ϭ 9) of patients with elevated C 4 -acylcarnitine concentrations in newborn screening blood spots, but essentially normal urine excretion of EMA and isobutyrylglycine, accumulated increased levels of isobutyrylcarnitine in the cell medium compared with normal controls (Table 2 ). In two of these cell lines (Table 2 , Patients 2 and 8), a mildly increased accumulation of butyrylcarnitine was noted. Urine was available from one of these patients and revealed a borderline normal excretion of EMA (19 g/mg creatinine; reference range: Ͻ20; Table 2 , Patient 8). Based on our experience, such patients are either homozygous or compound heterozygous for one or two common SCAD gene variants, 625GϾA and 511CϾT. Indeed, molecular genetic analysis of the SCAD gene in DNA extracted from cell cultures of both patients revealed that they are homozygous for the 625GϾA variant that has an allelic frequency of 22% in the general population. 14 Fibroblast cultures of available SCADdeficient cases (n ϭ 14) accumulated abnormal concentrations of butyrylcarnitine (Table 3) .
Molecular genetic analysis
A total of 10 different genetic alterations leading to missense mutations in ACAD8 were identified in nine of our cases (11 families, Table 1 ). Six infants were compound heterozygous for two mutations and three patients in three unrelated families were homozygous for three different mutations. Three infants of European descent were found to carry the same allele (455TϾC, M130T in the mature protein). Interestingly, all three patients with the 455TϾC allele also had a putative splice-site mutation near exon 3, ϩ3AϾG (Table 1) , an alteration of unknown significance that may only be linked to the protein-encoding lesion or may be the alteration leading to the observed biochemical phenotype. Another allele common to three unrelated patients was 1129GϾA, G355S in the mature protein (Table 1) , which alters a residue conserved among four ACD proteins including SCAD as well as medium-chain acylCoA dehydrogenase (MCAD), short/branch-chain acyl-CoA dehydrogenase (SBCAD), and isovaleryl-CoA dehydrogenase (IVD). 20 One of the three patients carrying the 1129GϾA mutation (Patient 11) was only heterozygous for this mutation without another alteration found in any other exon or intronic splice sites. The mild biochemical phenotype observed for Patient 11 from cell studies, and plasma and urine analysis suggests that this infant is at minimum a carrier for IBD deficiency. However, given the focused approach of our molecular genetic analysis, the presence of a promoter mutation, large deletion, or splice-site alteration undetectable by direct gene sequencing cannot be ruled out.
Urine acylcarnitines
Urine acylcarnitine analysis was performed on all available samples from IBD-(n ϭ 8) and SCAD-(n ϭ 12) deficient cases, as well as the IBD carrier (Patient 11, Table 2 ). The excretion of C 4 -acylcarnitine was elevated (range: 3.48 -57.62 mmol/mol creatinine; median: 20.30; reference range: Ͻ3.00; Table 2 ) in all IBD-deficient patients and in three patients (Patients 8, 12, and 13, Table 3 ) with SCAD deficiency (range: 3.7-11.36 mmol/mol creatinine; median: 4.40 mmol/mol creatinine; Table 3 ). Further discrimination between controls, IBD-deficient, and SCAD-deficient cases was achieved by comparing the ratio of C 4 -acylcarnitine to C 3 -acylcarnitine. Recursive partitioning was used to find the optimal values of C 4 -acylcarnitine and the C 4 /C 3 -acylcarnitine ratio for discriminating among normal, IBD-deficient, and SCAD-deficient patients with two mutated alleles. 19 Exact binomial confidence limits are given for the sensitivity and specificity estimates. The cutoff for C 4 -acylcarnitine was set at 3.00 mol/L (100% sensitivity [95% confidence interval (CI): 63.1-100%]; 83.6% specificity [95% CI: 77.2-88.8%]) and that for the C 4 /C 3 acylcarnitine ratio was set at 24 (100% sensitivity [95% CI: 63.1-100%]; 99.4% specificity [95% CI: 96.8 -100.0%]). The use of both cutoff values together allowed IBD-deficient cases with two mutated alleles to be differentiated from SCAD-deficient patients and controls with 100% sensitivity (95% CI: 63.1-100%) and 100% specificity (95% CI: 97.9%-100%) (Fig. 3) .
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February 2007 ⅐ Vol. 9 ⅐ No. 2 Table 2 Biochemical phenotype of IBD cases identified by newborn screening IBD, isobutyryl-CoA dehydrogenase; NBS, newborn screening; EMA, ethylmalonic acid; ND, not determined for lack of specimen.
Thus, unlike the isobutyrylglycine excretion, the analysis of urine acylcarnitines appears to be a practical tool for diagnosing IBD deficiency.
DISCUSSION
Until this report, IBD deficiency was identified in only nine patients worldwide. However, based on our newborn screening experience, the incidence of this autosomal recessive condition is at least 1:70,000 livebirths. The index patient presented at 12 months with anemia, a dilated cardiomyopathy, and low plasma carnitine levels. With L-carnitine supplementation, this patient's symptoms resolved, and she remains asymptomatic at almost 11 years of age (Dr. Steven Cederbaum, 2006, Mental Retardation Research Center, UCLA, Los Angeles, CA, personal communication). The hallmark of this defect in valine metabolism is an elevated intramitochondrial accumulation of isobutyryl-CoA that is shuttled outside the cell after esterification to isobutyrylcarnitine. The latter is detectable in plasma, urine, and blood spot samples as a C 4 -acylcarnitine that also represents an isomer, butyrylcarnitine, when analyzed using standard MS/MS-based procedures for acylcarnitine analysis. 17 It is not surprising, then, that the patients described here and eight of the nine previously reported patients were identified through newborn screening using MS/MS for acylcarnitine analysis. This also highlights the importance of considering the differential diagnosis of isolated C 4 -acylcarnitine elevations when choosing appropriate follow-up investigations for the evaluation of newborns who present with such abnormalities by newborn screening. The majority of newborn screening laboratories request a repeat blood spot when encountering an abnormal result. However, in our experience, this follow-up approach will only enable the designation of a rare initial false-positive screening result at the expense of delaying the correct diagnosis of a child with a persistently elevated C 4 -acylcarnitine.
Although IBD deficiency can be diagnosed in cultured fibroblasts, there is considerable aversion to obtaining skin biopsies from apparently asymptomatic neonates. Moreover, the delay in obtaining results from fibroblasts due to culturing time can be lengthy. A less invasive and more rapid approach to diagnosing infants with positive newborn screening results is therefore preferable. Molecular genetic analysis of the ACAD8 gene is possible using blood samples, but is available only in research laboratories and with long turnaround times. A biochemical diagnostic marker for IBD deficiency is urinary isobutyrylglycine. However, as demonstrated in our patients and previously in others, this marker is unreliable. 2,5 Therefore, we determined the diagnostic potential of urine acylcarnitine analysis in this context. Acylcarnitine analysis was originally developed for the diagnosis of organic acidurias in urine samples, but this specimen lost favor when it became clear that results in patients with fatty acid oxidation disorders were inconsistent. [21] [22] [23] Plasma and dried blood spots have since become the preferred specimen for acylcarnitine analysis. However, in recent years, urine acylcarnitine analysis has reemerged as a useful screening tool in some situations. 24 It appears to be of particular diagnostic value in the evaluation of patients with possible organic acidurias but inconclusive or minimally abnormal urine organic acid and plasma acylcarnitine profiles. In our IBD-deficient cohort, urine acylcarnitine analysis revealed an elevated C 4 -acylcarnitine excretion in all patients. Among 12 infants with SCAD deficiency, only three excreted elevated levels of C 4 -acylcarnitine (Table 3) . Further discrimination between control, IBD deficient-, and SCAD-deficient infants was achieved by comparing the ratio of urine levels of C 4 -acylcarnitine to C 3 -acylcarnitine. The use of urine C 4 -acylcarnitine levels together with the urine C 4 /C 3 -acylcarnitine ratio allowed IBD-deficient cases with two mutated alleles to be differentiated from SCAD-deficient patients and controls with 100% sensitivity and 100% specificity (Fig. 3) . Thus, unlike the determination of the isobutyrylglycine excretion, urine acylcarnitine analysis appears to be a practical tool for diagnosing IBD deficiency.
Molecular genetic analysis of ACAD8 revealed a total of 10 different missense mutations in nine of our cases (Table 1) . Four mutations, 443CϾT, 455TϾC, 958GϾA, and 988CϾT, identified in our cohort have been described previously. 5, 20 Among the seven known mutations, five are alterations causing missense mutations and two result in the introduction of premature stop codons. 4, 5, 20 We found five infants who were compound heterozygous for two mutations and three patients in three unrelated families who were homozygous for three different private mutations. Of note, one case (Patient 11, Ta- EMA, ethylmalonic acid; NBS, newborn screening; NA, not available; ND, not determined for lack of specimen. ble 1) was determined to have only one alteration, 1129GϾA, after complete analysis of the exon and intragenic splice-site sequences of ACAD8. The biochemical phenotype of this patient is mild, follow-up plasma C 4 -acylcarnitine was abnormal and slightly above the median for IBD-deficient infants (1.87 mol/L; median: 1.52 mol/L; Table 2 ), urine laboratory studies were unremarkable, and cell culture studies showed mild, although consistently abnormal, accumulations of isobutyrylcarnitine (Table 2 ). This patient presented with metopic craniosynostosis and a complete atrioventricular canal that prompted cytogenetic studies that revealed an abnormal karyotype [46,XY,add(18)(q23)]. Three infants of European ancestry shared one alteration, 455TϾC, suggesting that common IBD gene alleles may be prevalent among certain ethnic groups. However, the 455TϾC mutation was first observed in a patient described to be of Native American ancestry. 5 We found a potential splice-site mutation near exon 3 (ϩ3AϾG) in all our patients with the 455TϾC alteration, a sequence variation not observed in the patient reported by Pedersen et al. 5 Experiments to determine the significance of these sequence alterations on IBD expression, function, and stability are currently under way.
Based on our observations, we believe that the optimal, least invasive, and most rapid laboratory follow-up of an abnormal newborn screening result for an isolated elevation of C 4 -acylcarnitine includes plasma acylcarnitine, urine acylglycine, and urine acylcarnitine analyses following the algorithm depicted in Figure  4 . This approach may also differentiate ethylmalonic encephalopathy, a lethal condition due to mutations in ETHE1, which in one case has been diagnosed after the finding of an isolated elevation of C 4 -acylcarnitine by newborn screening (U. Caruso, 2006, Ospedale Gaslini, Genoa, Italy, personal communication). 25 Further confirmation of the diagnosis relying on molecular genetic or cell culture-based biochemical analysis will only be necessary in rare cases with equivocal results as observed in our two patients with IBD deficiency and homozygosity for SCAD gene variants.
Clinically, the patients reported here have done well without the prescription of a valine-restricted diet. L-Carnitine supplementation has been irregular, with normal carnitine levels documented in several patients without additional supplementation. These patients are now as old as 5 years of age. One patient was repeatedly hospitalized for IV hydration during her first 2 years of life due to vomiting and dehydration with otherwise mild intercurrent illnesses such as gastroenteritis and otitis 
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February 2007 ⅐ Vol. 9 ⅐ No. 2 media. During the first such episode, her plasma carnitine levels were found to be moderately reduced (total carnitine: 29 mol/L, reference range: 35-84 mol/L; free carnitine: 13 mol/L, reference range: 34 -63 mol/L), and L-carnitine supplementation was initiated.
In conclusion, the natural history of IBD deficiency and SCAD deficiency is uncertain, leading the American College of Medical Genetics' Newborn Screening Expert Group to classify these conditions as secondary targets of the recommended universal newborn screening panel. 15 Thus far, most IBD-deficient cases that have been identified by newborn screening have remained asymptomatic, suggesting that IBD deficiency is a relatively benign condition. This observation is likely to instigate consideration of its exclusion from newborn screening panels as was recently proposed for SCAD deficiency. 9 However, based on the frequent episodes of dehydration in one of our patients and on the clinical presentation observed in the first IBD-deficient patient described, it seems possible that this disorder carries a risk for clinically relevant symptoms. Thus, it is prudent to remain vigilant for such episodes in infants identified with IBD deficiency through newborn screening and to continue to follow them with care. Only through long-term follow-up will it be possible to achieve evidencebased newborn screening for the benefit of all neonates, their families, and the societies into which they are born. We believe that application of the algorithm described here will aid in this process by allowing efficient and effective elucidation of isolated elevations of C 4 -acylcarnitine in newborn screening blood spots.
